To investigate the effect of lifestyle changes on whole-body protein turnover (WBPT) in obese adolescents. DESIGN/METHODS: Randomized and controlled nonpharmacological intervention study of WBPT in obese adolescents using stable isotope dilution techniques.
Introduction
Obesity is a familiar and serious problem in the modern societies and it is growing at an alarming rate both in children and adults. Although a good deal of research has been conducted on protein metabolism in human obesity during recent years, most of the previous studies are performed in obese adults and there is a paucity of data on changes in protein metabolism in children. Additionally, it is not clear if a nonpharmacological intervention program has an impact on protein metabolism in obese adolescents. Studying protein metabolism in obese children may, indeed, be of importance for several reasons: (i) obese children most frequently become obese adults with an increased risk for cardiovascular disease (CVD), diabetes and many other chronic diseases; and (ii) compared to obese children, obese adults are in a static phase of obesity and this long-standing condition may produce alterations that are not related to obesity per se but to its long-term complications.
Studies using stable isotope dilution techniques on wholebody protein metabolism 1 in obese adults, who are in the static phase of obesity, have produced conflicting results. [2] [3] [4] [5] [6] [7] [8] However, when whole-body protein turnover (WBPT) values are expressed 'per kilogram of fat-free mass (FFM)' there is more agreement on the notion that WBPT is indeed higher in obese adults compared to lean control subjects. 3, 4, [7] [8] [9] On the contrary, WBPT has been studied less intensively in children and adolescents and the limited data available from the two studies performed in children are at variance, 10, 11 with one study reporting increased WBPT in obese children compared to their counterpart lean controls, 11 whereas the other study showing no difference in WBPT in obese adolescent female subjects as opposed to that in lean agematched controls. 10 The reasons for the disparity in the WBPT data in these two studies are difficult to interpret because of differences in the subject population, that is, age disparity, gender differences and methodological differences. Furthermore, it is not clear whether moderate lifestyle changes have an impact on WBPT in obese adolescents. While there are a few studies on the effect of physical activity on WBPT in normal lean and obese adults, 12 there is a paucity of such reports on the impact of nonpharmacological interventions on WBPT in obese adolescents. Although a few studies have investigated the effects of exercise on cardiovascular fitness and body composition in obese adolescents, 13, 14 to the best of our knowledge, there are no studies investigating the impact of lifestyle changes on WBPT in obese adolescent population. The first objective of the current study was, therefore, to provide a more comprehensive account of WBPT in adolescents. Secondly, we sought to investigate the impact of lifestyle changes on WBPT in obese adolescents.
Research study design and methods

Materials
L-[1-
13
C]leucine (99% atom % excess) was purchased from Cambridge Isotope Laboratories. Purchased lots of stable isotopes were tested for chemical, isotopic, and optical purity by gas chromatography-mass spectrometry (GC-MS). The tracer was also tested for sterility and pyrogenicity before tracer infusions. Solutions of the sterile and bacterial-free isotopes were passed through a 0.22 mm filter and stored in sterile, sealed containers, less than 24 h before each infusion and kept at 41C until used.
Study design and subjects
The study protocol was approved by the Nemours Children's Clinic Research Review Committee and Baptist Medical Center/Wolfson Children's Hospital Institutional Review Board. The study procedures and the entire protocol were explained to the participants and their parents at the time of physical examination and also at the beginning of the isotope study. Informed, written consents were obtained from the study participants and also from their parents before the study.
Subjects.
A total of 21 healthy adolescent children (age: 14-18 y old) were studied in this protocol. Selected physical characteristics and clinical parameters of the study subjects are presented in Table 1 . All subjects accepted into the study were carefully screened to exclude those taking any bandrenergic blockers or steroids, actively participating in any exercise activity Z20 min two times per week or more, participating in any diet programs, with heart disease, diabetes, and chronic liver or renal diseases. Smokers and/ or alcoholics were also excluded. Obese and lean subjects were selected based on their body mass index (BMI). Of the total 22 subjects who were enrolled for the study, 16 were obese (BMI 430 kg/m 2 ; both boys and girls) and six were healthy lean age-matched (both girls and boys) controls (age: 414 y o18 y; BMI o25 kg/m 2 ). All subjects were healthy with normal fasting glucose levels. The study subjects were matched for their age and pubertal status. These subjects were part of a larger study protocol to investigate the ). During their stay at the CRC, measurements of body composition using DEXA were performed using a Hologic QDR 4500-A instrument.
The 16 obese subjects selected for the study were individually matched and subsequently randomized into two groups, 'obese intervention group' and 'obese control group'. They underwent a randomized and controlled intervention program of moderate lifestyle changes or control for 3 months. One subject from the obese control group was not studied due to difficulty in placing intravenous cannulas for isotope infusion and blood draws on study day. The lean control subjects were studied only at baseline.
Intervention programFmoderate physical activity and lifestyle changes. The obese subjects randomly selected for the intervention study met with a nutritionist once a week for 3 months after an initial baseline study. For the current study we developed a program of moderate lifestyle changes based on a popular weight management program called 'Shapedown' 16 that involved regular physical activity, changes in diet and behavior. The subjects were advised to perform physical activity for 45 min three times per week for 3 months. One of these sessions each week was monitored and the family (at least one parent) also joined these monitored sessions. Each physical activity session included warm-up/flexibility exercise and aerobic activity. The warmup/flexibility exercise consisted of progressive stretching techniques for 5 min at the beginning of each exercise session. Aerobic activities involved movement of the total body weight to ensure maximum caloric expenditure. Specific activities included brisk walking, games, aerobics and other recreational activities involving continuous play. The duration of the physical activity for the first week was 20 min and thereafter, the duration of activity was progressively increased so that by the third week the subjects were completing 45 min per session. Following each physical activity phase, the participants 'cooled down' for approximately 5 min by slow walking. The physical activity regimen was supplemented with moderate lifestyle changes that included calorie restriction by exchanging high-calorie snacks with low-calorie, low-fat snacks; cutting down meal portions and frequency of snack consumption; limiting sugar-based carbonated drinks and limiting the duration of TV watching. Compliance with the lifestyle changes was achieved by a combination of good dietary practices, behavioral counseling (in consultation with a Clinical Psychologist) and profound involvement of the family. All along, the obese subjects were educated, advised, encouraged and monitored for maximum adherence to the intervention program. The parents of the subjects were actively involved in the intervention program and they also participated in the overall monitoring of its progress.
Control. Obese control subjects were asked not to change their basic lifestyle that included physical activity and food intake during the 3 months study period. They were studied two times, baseline and after 3 months.
Stable isotope studies. All isotope studies were performed in the postabsorptive state using the constant infusion method proposed by Matthews et al, 1 at baseline and also after 3 months' intervention/control program. All subjects reported to the CRC the afternoon before the day of the study. Intravenous cannulas were placed into superficial hand veins of each arm. One cannula was used for the infusion of the tracer, L-[1-
13 C]leucine. The second intravenous cannula was used for blood sampling and was kept patent with a normal saline infusion. After collecting baseline background samples a priming dose (7.6 mmol/kg) of L-[1-
13 C]leucine was administered to reach an early steady state. This prime was followed by a 5 h continuous (7.
C]leucine. Blood (from an arterialized hand vein) and breath samples were obtained at baseline and at every 20 min from 120 min onwards for measurement of enrichment of aketoisocaproate (a-KIC) and CO 2 and other clinical parameters. The CO 2 production was measured between 180 and 240 min by indirect calorimetry using an open-circuit indirect calorimeter with a ventilated hood, as previously described. 17 The isotope study was repeated in all the obese subjects after the 3 months' intervention or control program. Leu Ra was used as an index of whole-protein breakdown and the nonoxidative portion of leucine disposal (NOLD) as an index of whole-body protein synthesis. 1 
Analytical procedures
All body composition measurements were performed under the same conditions. Weight was measured to the nearest 100 g on the evening before the study with subjects wearing light clothes and without shoes at the beginning of the study. Height was assessed to the nearest 1 mm using a wallmounted stadiometer. Body composition was assessed by DEXA using a Hologic QDR 4500-A instrument (Waltham, MA, USA), which segments the body into three compartments of FM, bone mineral content and FFM. Percent body fat (%BF) was also derived from these values. Three baseline breath samples were collected at À30, À15 and À5 min before the tracer infusion started and then at half-hourly intervals from 120 min until the end of the study Adolescent obesity and lifestyle changes P Balagopal et al at 300 min for analysis of breath samples and isotope measurements as previously described. [17] [18] [19] Plasma enrichment of KIC: [ 13 C]KIC was determined by GC-MS with selected ion monitoring and electron impact ionization of a t-butyldimethylsilyl derivative as previously described. 20, 21 The enrichment in breath CO 2 was measured using IRMS as previously described. [17] [18] [19] Plasma glucose was measured enzymatically using an auto analyzer (Beckman Instruments, Fullerton, CA, USA) and fasting insulin concentration by RIA. The plasma aminoacid concentrations were determined using an amino-acid analyzer.
Calculations
Whole-body leucine flux (Leu Ra), mmol/kg/h, which in the postabsorptive state represents the rate of protein breakdown, is calculated from the isotope dilution of the infused tracer during a steady state 1, 20 as follows: 
Statistical analysis
All data are expressed as means7s.e.m.s. Differences between the two groups (ie, lean and obese groups) at baseline were analyzed using t-test for unpaired samples. Since the two obese groups were randomized and were not significantly different, both obese groups were used in combination and separately to compare the baseline values (lean vs obese). They were considered as separate groups for all other analyses. ANOVA for repeated measures was used to compare the intervention/control effects on the same subjects on the two occasions. A P-value of o0.05 was considered statistically significant.
Results
Baseline data
Selected physical and clinical characteristics of the study subjects are displayed in for the lean subjects). The physical and clinical characteristics of the obese control and intervention groups were similar at baseline. The two obese groups and the lean control group had similar levels of glucose concentrations, whereas the fasting insulin levels were significantly higher in the two obese groups, Po0.01 (Figure 1 ). The absolute postabsorptive resting energy expenditure (REE) was significantly higher in the obese group compared to the lean control group (19097182 kcal/day for obese control group; 20087189 kcal/day for the obese intervention group and 14787118 kcal/day in lean control group; Po0.01). The REE showed a strong association with the FFM (R ¼ 0.82; Po0.01).
Leu Ra and NOLD (expressed as per kilogram of FFM), indices of whole-body protein breakdown and synthesis, respectively, were significantly higher (Po0.01) in the obese group compared to that in lean age and pubertal stagematched adolescents (Figure 2 The results on the effects of intervention on the WBPT are summarized in Figure 3 . The Leu Ra and NOLD, indices of whole-body protein breakdown and synthesis, respectively, showed significant decreases in the intervention group (Figure 3) . However, the WBPT values remained similar in the obese control group (Leu flux: 151.1376.67 and 148.3774.79 mmol/kg LBM/h and NOLD: 134.6876.79 and 132.9974.97 mmol/kg LBM/h). The amino-acid concentrations did not show any significant change before and after the intervention program (data not shown). Additionally, while the intervention program resulted in a significant decrease in the fasted insulin level (Figure 1) , the fasted insulin levels did not show any statistically significant changes in the obese control group after 3 months. Glucose concentration remained normal in both the obese groups before and after intervention and/or control (data not shown).
Discussion
In addition to comparing the kinetics of whole-body protein metabolism in obese and lean adolescents, this study provides data on the impact of a nonpharmacological intervention program on WBPT in obese adolescent subjects. The results from the current study showed an abnormal WBPT in obese adolescents compared to that in lean controls, similar to the results on WBPT in obese adults. The nonpharmacological intervention program involving moderate lifestyle changes resulted in a significant reduction in WBPT in the obese intervention group. These changes in WBPT appear to be mediated through a redistribution of the composition of the body pools (FM and FFM), without apparent changes in body weight and/or BMI, that triggered favorable changes in insulin resistance.
Effect of obesity on WBPT in adolescents WBPT is determined by the balance between two processes, protein synthesis and protein breakdown. Since leucine carbon flux (leu Ra) is an index of whole-body proteolysis and the fraction of leucine carbon flux not oxidized (NOLD) represents protein synthesis at the whole-body level, the results from the current study show an increase in WBPT in obese adolescents compared to that in normal lean controls. The higher WBPTs observed in the current study, in otherwise healthy, obese adolescents, are in agreement with the results from most, 3, 4, 9, 12, 22, 23 but not all, 2,5,7 previous studies in obese adults. Even moderate obesity has been shown to be associated with increased protein turnover in Adolescent obesity and lifestyle changes P Balagopal et al adults when the data are expressed per unit of FFM. 3 Moreover, Jensen et al 4 have previously showed increased leucine flux (Leu Ra) in different types of obesity in women and suggested a nonspecific effect of increased adipose tissue or increased body mass on protein metabolism. Although higher protein turnover at the whole-body level was observed in obese adolescents compared to that in lean controls in the current study, we did not categorize subjects according to their regional adiposity. The higher WBPT observed in the obese adolescents is also in agreement with the results from another study in prepubertal children. 11 However, it is at variance with the results on WBPT in obese female adolescents, 10 which showed similar WBPT in obese and lean female adolescents. Although our study consisted of both boys and girls, the number of subjects studied was not adequate to determine a gender effect on WBPT. However, we did not observe any trend in the rates of WBPT between boys and girls. This is in agreement with a previous report by Volpi et al, 24 in normal adults showing no gender effect on WBPT in normal adults. The fact that there is a disparity in the results between our study and the study in obese female adolescents is intriguing. Although unclear from these studies, it is likely that the difference in the methods used for the measurement of body composition may explain, at least partially, the disparity in the results. 25, 26 In the current study, the body composition was determined using DEXA. It is also possible that potential differences in the regional adiposity of the subjects in the two studies may also have an impact on the observed differences in the rates of WBPT in these two studies. Plasma leucine concentrations were not greater in obese adolescents than in lean controls in the present study. This is in contrast to some of the previous studies, 27 but consistent with other studies in obese adults. 4, 12 Moreover, the normal rates of leucine oxidation observed in the obese group is a reflection of the tight correlation between plasma leucine and leucine oxidation as reported previously. 28 In agreement with numerous previous studies in children and adolescents, the REE in the obese group was significantly higher than that in the lean control group. 11 We also observed a high degree of correlation between the increased FFM and REE in the obese group (R ¼ 0.82; Po0.01), similar to previous studies in prepubertal children.
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Effect of moderate physical activity and lifestyle changes on WBPT in obese adolescents Several factors may potentially affect the tracking of obesity and its modulation across ages. Typical adolescent lifestyle issues pose many challenges that are further complicated when teens are obese. We sought to intervene using a practical approach consisting of moderate changes in lifestyle that included increased physical activity and controlled diet with significant involvement of the family. The intervention program was developed based on a popular weight maintenance program, 'Shapedown'. 16, 29 The intervention program was monitored once every week, when the subjects and their parent/parents came to the clinic and underwent the activity portion of the intervention together with members of the research team. Adherence to the prescribed intervention program was greatly enhanced by the involvement of the family members. It is remarkable that even without 'apparent' changes in the body (body weight and/or BMI), there was a redistribution of the parameters of body composition and this resulted in profound changes in WBPT.
The observed increase in FFM in the current study, in response to the rather moderate physical activity, without any resistive exercise training was somewhat surprising. However, a reduction in %BF and a concomitant increase in FFM suggest a redistribution of the parameters of body composition. Interestingly, the obese control group did not show any significant change in either %BF or FFM during the 3-month study period. The underlying mechanism for the redistribution of the parameters of body composition in response to the intervention program remains unclear, however. This may be due to factors related to the complex hormonal interactions occurring during this stage of puberty and/or related to the abrupt but noteworthy changes in their chronic sedentary lifestyle as a result of the intervention program. The subjects were advised to switch high-fat, highcalorie snacks and drinks with low calorie, low-fat snacks and drinks. Interpretation of this data is rather difficult in our study since dietary intake was not monitored all through the 3 months of the intervention program. However, it is tempting to speculate that these changes may be related to the alterations in the carbohydrate/fat fuel mix in dietary intake. In this respect Nguyen et al 30 have demonstrated that dietary fat intake contributed to obesity in boys, independent of physical-activity energy expenditure. Regardless, the current study suggests that even subtle changes in the sedentary lifestyle of the obese adolescent subjects have profound but differential effects on the parameters of body composition. On the contrary, there was no apparent change in REE in the intervention and control groups, although the FFM showed an increase in the intervention group. Although FFM is considered to be the best single predictor of energy expenditure, 11, 31 only 50-80% of the variation in REE is accounted for by FFM. 11, 32, 33 It is likely that the contribution of some organs to REE is independent of changes in FFM. However, the model based on REE and FFM per se does not provide insight into the underlying sources of energy expenditure. Although skeletal muscle and adipose tissue are the largest components, their resting metabolic rates are low. 11, 32 In contrast, organs, including liver, kidneys, heart and brain, which account for only B5-6% of body mass, have much higher resting metabolic rates. 34 These factors and the observation that leptin may increase metabolic rate 35, 36 suggest that the lack of change in REE in response to the intervention, despite apparent increase in FFM should be interpreted with caution similar to the interpretation of the data on WBPT.
Adolescent obesity and lifestyle changes P Balagopal et al Clearly, WBPT is an average of the changes happening in different tissues and functionally different proteins in the body and it is not possible to adjust for differences in protein turnover in the various tissues, including adipose and splanchnic tissues in this study. Few studies have suggested that protein turnover at sites (eg, splanchnic and kidneys) other than adipose tissue may be higher in obese than in lean persons. 8, 37 The decrease in WBPT observed in the current study, despite an increase in the FFM (mainly muscle) in response to the intervention reflects one of the limitations of the measurement of the WBPT. It is likely that any increase in the turnover of muscle proteins may have been masked by opposite changes in proteins in other tissues, for example, liver. Also, the method used for the determination of WBPT is not sensitive enough to track the potential changes in the turnover of proteins in specific tissues. 38, 39 However, these possibilities need to be validated independently in future studies specifically designed for the determination of protein turnover in muscle and other tissues in obese adolescents. The apparent insulin resistance observed in the obese subjects in the current study further indicates that the increased protein turnover in obese adolescents is a sign of insulin resistance as reported in previous studies 4, 10, 40 and suggests a defective suppression of WBPT in obese adolescents. Previous studies have also suggested that the greater peripheral hyperinsulinemia present in obesity could contribute to insulin resistance with respect to proteolysis as well as glucose disposal. 41, 42 Although insulin sensitivity was not directly measured in the current study, significant decreases in fasting insulin levels in response to the intervention, with the maintenance of normal glucose concentration, suggest an attenuation of insulin resistance. In response to the intervention program, the insulin sensitivity appears to be favorably modified in the obese intervention group with no change in the obese control group (Figure 1) . However, the mediator of the antiproteolytic effect of physical activity and lifestyle changes is not clear from this study. In fact, one might expect leucine flux to increase during exercise, considering the falling insulin concentrations as shown in few previous studies. 2, 43, 44 However, our results are consistent with other studies, 12, 27 both reporting decreased leucine flux during exercise and/or weight loss in obese women. Also, impressive reductions of amino-acid turnover after extreme reductions of energy intake have been reported. 45À47 Notably, our study consisted of only moderate changes in lifestyle. In summary, the results from the current study, collectively, indicate that abnormalities of protein metabolism occur early in the clinical course of obesity and are modifiable. Moderate lifestyle changes in obese adolescents have profound effects on body composition and protein metabolism and confer substantial health benefits. Indeed, this adds strength to the notion that a healthy lifestyle involving regular physical activity and controlled diet should be encouraged early in life. Although it is unclear from this study whether there are additional benefits for vigorous exercise in modulating the risk factors for CVD in obese adolescents, studies in different populations suggest that vigorous exercise should not be discouraged for those who choose a higher intensity of activity.
